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We report experiments demonstrating circular dichroism in the x-ray-fluorescence spectra of magnetic
systems, as predicted by a recent theory. The data, on the I.2 3 edges of ferromagnetic iron, are com-
pared with fully relativistic local spin density functional calculations, and the relationship between the
dichroic spectra and the spin-resolved local density of occupied states is discussed.
The discovery and exploration of x-ray circular di-
chroism in spectroscopies of magnetic systems has been
one of the most interesting recent developments in the
study of the electronic structure of solids. ' The case
which has been most fully investigated is the magnetic x-
ray dichroism (MCD) at the absorption edges (K, L, and
M) of Fe, Co, and Ni. There is now general agreement
that this effect probes the exchange splitting in the empty
part of the band structure corresponding to the final
states of the absorption process. Evidently, the comple-
mentary effect of dichroism in x-ray emission would yield
information about the spin polarization of the filled bands
and, therefore, would be of considerable further interest.
In this paper we report the first experimenta1 observation
of this phenomenon.
In nonrelativistic quantum mechanics the orbital angu-
lar momentum of cubic metals is zero by symmetry. This
is so even in a spin-polarized state, and hence, on very
general grounds, no dichroism can be expected. In fact,
the MCD observed in Fe, Co, and Ni has been interpret-
ed, ' in a fully relativistic theory, as due to spin-orbit
couplmg.
The prospect of observing MCD in emission is, at first
sight, discouraging because simultaneous spectral resolu-
tion and polarization analysis on the weak emitted radia-
tion is experimentally difficult. However, as predicted by
Strange, Durham, and Gyorffy, an interesting MCD
effect can be observed even without determining the po-
larization of the emitted photons if the core holes are ex-
cited alternatively by right- and left-handed circularly po-
larized radiation. Using the same fully relativistic density
functional theory as Ebert et al. ' Strange, Durham, and
Gyorffy calculated the L3 Auorescence spectra of Fe and
demonstrated that the difference between the
polarization-averaged spectra of emitted radiation excit-
ed by right- and left-handed circularly polarized x rays
closely rejects the spin-resolved local occupied density of
states. Evidently, this kind of dichroism in x-ray Auores-
cence closely parallels MCD in absorption, and is precise-
ly complementary to it.
In what follows we demonstrate experimentally that
the effect can be seen in an even simplier experiment.
Strange, Durham, and Gyorffy envisaged monochromat-
ic incident radiation, as in x-ray-absorption experiments;
here we report an observation of the effect using an
effectively white beam of incident radiation.
The measorements were performed with the
SUPERACO storage ring at Laboratoire pour
1'Utilisation du Rayonnement Electromagnetique. The
electron current was typically 400 mA on injection with a
7 —8 h lifetime at an energy of 800 MeV. The experiment
was set up on a bending-magnet beamline approximately
10 m from the photon source. An adjustable slit was
moved 0.375 mrad below the synchrotron plane to select
a pencil of circularly polarized x rays defined by a 0.2
mrad vertical aperture. The angle between the phonon
beam and the surface normal was 75. The Fe sample
(heat treated to 800'C under hydrogen atmosphere to im-
prove its permeability) closed the magnetic circuit of a
horseshoe-shaped electromagnet. The exact degree of
left-hand circular polarization for the photons exciting
the fluorescence process was not determined. However,
it is of the order of 50% at 17 A (729 eV) under our
operating conditions.
A Johann spectrometer fitted with an RbAP crystal
bent to a 0.5 m radius was set in a vertical plane above
the sample. Spectra were recorded with a proportional
counter detector fitted with a 0.4 pm Formvar window
providing close to 100% efficiency at these energies. The
entrance slit was set to 200 pm leading to an instrumental
broadening of -450 meV. The signal-to-background ra-
tio was -25 at the emission peak. Scans were made in
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FIG. 1. The (o.++cr ) fluorescence signal (upper curve) and
the magnetic circular dichroism (o.+ —o. ) signal for the Fe L2 3
x-ray-emission bands (error bands indicating the standard devia-
tion are shown). The inset shows the theoretical L3 emission
transition rate from Ref. 9 and the ensuing emission band ob-
tained by folding with our experimental function.
0
equal spectrometer steps of 4 mA, corresponding to ap-
proximately 160 meV energy steps. The spectrometer is
fitted with absolute encoders which ensure a high degree
of reproducibility (equivalent to better than 30 meV in
this energy region) so repeated scans were summed to
average out effects due to beam instabilities.
To avoid possible experimental artifacts the geometri-
cal setup was kept fixed throughout the experiments and
the direction of magnetization was reversed relative to
the chirality of the photon beam by reversing the current
in the electromagnet. It should be noted that this is a
photon-in —photon-out experiment, so stray magnetic
fields have no inhuence on the measurements. Further,
we recorded data for each direction of magnetization suc-
cessively at each energy step in such a way that, on aver-
age over two spectrometer steps, there was no time lag
between the measurements. The MCD signal is then
straightforwardly the difference (cr+ —o ) between the
two sets of data. Figure 1 shows the sum (cr++cr ) and
the difference of the L2 3 emission bands for each direc-
tion of magnetization. Note in particular the reversal in
sign of the dichroic asymmetry curve between the L2 and
L 3 edges. This is foreshadowed in the photoemission di-
chroism of the Fe 2p levels, as noted and discussed by
Ebert et al. , ' and is reproduced by our calculations.
Taking the Fe 2p3/2 binding energy to be 706.7 eV
(Ref. 11) (and assuming the core hole to be fully screened
in the x-ray-emission process) we can compare (Fig. 2)
the experimental MCD signal with the theory of Strange,
Durham, and Gyorffy. The calculated spectrum has
been broadened by convolution with a Lorentizian profile
of 240 meV full width at half-maximum (FWHM) to
represent the core level lifetime and a Gaussian profile of
450 meV FWHM to account for instrumental broaden-
ing. We note the satisfactory agreement. (Recall that the
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FIG. 2. The (normalized) Fe L3 magnetic circular dichroism
signal (o —o. ): the upper curve is the theoretical prediction
for co; equals threshold energy, folded with the experimental
resolution function; the experimental result is given in the lower
curve (the continuous line serves as a guide for the eye).
calculations assume perfect circular polarization and per-
fect ferromagnetic order in the sample, and, as indicated
above, neither of these conditions is fully realized in these
experiments. Hence the total fluorescence signal must
contain a significant nondichroic component which will
reduce the magnitude of the apparent fractional anisotro-
py relative to its theoretical value without, presumably,
distorting the normalized MCD spectra very much. )
We also note that the lack of structure in the emission
spectra appears to be inconsistent with that in the MCD
spectra, and indeed the same convolution procedure used
in Fig. 2 gives a theoretical emission spectrum with con-
siderably more structure than the experimental data (see
inset to Fig. 1). Absorption MCD data on Fe and Ni also
show a similar discrepancy, with the L2 3 absorption
white lines appearing broader and more asymmetrical
than the corresponding MCD spectra. ' This seems to
indicate that a substantial part of the spectral weight in
absorption and emission arises from multiple-electron
effects which are not, in the main, spin sensitive and thus
contribute no MCD signal. Moreover, the use of white
incident radiation results in excitation of core electrons
to unoccupied states of all energies from the Fermi level
upwards. In processes involving excitation close to
threshold, the core hole is well screened and multiple-
electron excitations may be suppressed. Thus, threshold
excitation may contribute an unexpectedly large part of
the MCD signal, and this may bear on the agreement
shown in Fig. 1.
The conclusion is that the shape of the Fe I 3 dichroic
fluorescence asymmetry curve does resemble the
difference between the local density of occupied spin-up
and spin-down d states, as suggested by Strange, Dur-
ham, and Gyorffy. If this is a general result, dichroic
Auorescence is a powerful and, in the form practiced here
with white incident radiation, a simple local probe of
magnetic systems. Therefore we now discuss in more de-
tail the dependence of fluorescence spectra on the energy
co,- of the incident radiation. For a given polarization,
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changing m,. amounts to changing the unoccupied state to
which the core electron is excited in the absorption step.
The character of the core holes produced does not vary
with co, but only the rate at which they are formed (i.e.,
essentially the absorption cross section). This makes
plausible our observation that while the Auorescence
spectra maintain their shape for different incident ener-
gies, their absolute magnitude may vary rapidly. Indeed
further calculations show that the shape of the asym-
metry curve is fairly insensitive to co;, but that its magni-
tude does vary with co;. In the case of the L2 3 edges of
Fe, we find that the absorption dichroism varies particu-
larly rapidly at the L2 edge, changing sign in the unoccu-
pied d-band region where the number of states to which
the core electron can be excited is very large.
Our calculations show that Auoresc ence dichroism
spectra at the L2 and L3 edges are, apart from the sign
reversal, closely related, although the different matrix ele-
ments slightly modify the shapes of the asymmetry
curves. However, their behavior as a function of co;
differs markedly, following the absorption dichroism.
Experimentally the L3.L, 2 emission band intensity ratio is
approximately 5:1 instead of the statistical expectation of
2:1. This is mainly due to a Coster-Kronig transition
which provides an extra deexcitation channel for the L2
hole. Thus we do not expect comparison with theory to
be as valid as in the L3 region. Moreover, the standard
deviation for the signal in the L2 region is too large to
draw conclusions. The MCD L3:L2 intensity ratio is ap-
proximately —1.5:1 instead of —1:1 predicted by simple
models. ' ' On the other hand, Ebert and Zeller' have
shown that the L3.L2 absorption dichroism ratio is gen-
erally about —2:1. This is essentially a consequence of
spin-orbit coupling in the d bands (related to the ex-
istence of an orbital moment), and is refiected in the vari-
ation of the Auorescence dichroism curves with co;. It
should be noted, however, that according to Smith
et al. ' in the case of Fe the L3.L2 absorption MCD ratio
is affected by many-electron interactions.
Thus, while it is not generally true that dichroic
Auorescence excited by white radiation "measures" the
spin-resolved local density of occupied states directly,
theoretical analysis of the kind provided here should be
sufficient to interpret the experimental data. Given the
unique site-selective information dichroic Auoresc ence
can provide about moment formation in, for instance,
pure metals, metallic alloys, and magnetic multilayers,
the need for a relatively sophisticated analysis procedure
should be a small price to pay. Clearly it will be particu-
larly interesting to study with the complementary tech-
niques of MCD in absorption and Auorescence the transi-
tion from strong to weak ferromagnetism, as the Fermi
energy enters the majority-spin d band as in Ni-Fe Invar
alloys.
Finally, we note that the full Auorescence cross section
for magnetic systems is, in principle, a richly informative
function of the energy, direction, and polarization of both
incident and emitted radiation. The future availability of
undulator radiation from third-generation syncrotron
sources should allow the Auorescence cross section to be
probed in much greater detail than currently possible.
For example, large Auxes of completely polarized mono-
chromatic radiation may allow gains in intrinsic resolu-
tion through exploitation of the line-shape properties of
the Auorescence process. ' Moreover, angular resolution
of the emitted radiation may probe the anisotropy of lo-
cal moments, and, in particular, discriminate between e
and t2 components of the spin-resolved local densities of
states. Such possibilities will be discussed in a subsequent
paper.
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